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The diffusivity of CO2 in ethanol, n-heptane and methyl tertiary butyl ether
(MTBE) has been determined using a laminar jet reactor and a wetted wall
column at two temperatures (293K and 298K). The reactors have been op-
erated in the laminar and transition regime. In the transition regime, the ef-
fective diffusivity of CO2 was found to increase with Reynolds number, which
could be explained by the increasing contribution of eddy diffusivity to the
overall mass transfer. However, even in the laminar regime, the molecular
diffusivity of CO2 was found to vary with experimental conditions, i.e., the
Reynolds number. It has been observed that the value of DCO2 reduces with
increasing Re in the case of ethanol, while the opposite trend is observed for
n-heptane. These effects can be (partially) explained by accounting for com-
bined molecular and eddy diffusivity within the laminar regime as proposed
by the mass transfer model of King (1966). To the knowledge of the authors,
these effects of gas absorption in nonaqueous=organic solvents have not been
reported earlier. The present findings indicate that data on gas absorption in
these types of systems should be used with caution.
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Gas-liquid mass transfer forms an integral part of a number of industrial
processes. The various theoretical models that describe gas-liquid
mass transfer usually differ only in the dependence of the mass transfer
coefficient on diffusivity of the gaseous species. In general, the variation





where x is a function of the hydrodynamic parameters of the reactor
under consideration while the value of the exponent c depends on the
mass transfer theory applicable. C may be a constant, as in case of the
film theory (Whitman, 1923) (c¼ 1). The Higbie penetration theory
(Higbie, 1935) and Danckwerts’s surface renewal theory (Danckwerts,
1951) both predict an exponent of 0.5. Some models also predict a
variable exponent, depending on the intensity of turbulence in the vicinity
of the gas-liquid interface. The film-penetration model postulated by
Toor and Marchello (1958) predicts a value of c in the range of 0.5ÿ1.
Thus, it is clear that, depending on the theory applied to describe the
mass transfer process, the accurate determination of the value of diffu-
sivity is essential. Errors in determination of the diffusion coefficient are
amplified when dealing with diffusion-controlled processes such as in-
stantaneous gas-liquid reactions. Although correlations for estimating
the diffusion coefficient have been reported in literature (among others
Reid et al. (1988)), these do not substitute (where possible) the experi-
mental determination of this parameter for the system under considera-
tion. A standard approach to determine this value is by measuring the
absorption rate RA of the gas in the liquid under consideration.
RA ¼ kLaVLðdriving forceÞ ð2Þ
where a is the gas-liquid interfacial area and VL is the total liquid volume
or the volume of the reaction phase, depending on the manner in which a
is defined.
This method requires the physical absorption of the gas into the
liquid phase and cannot be directly measured in case of a reaction
between the gas and liquid species. From Equation (2) the value of DA
can be calculated via kL (using Equation 1) if the exact hydrodynamic
characteristics (x) of the reactor are known. These include the film
thickness (film theory), the gas-liquid contact time (Higbie penetration
theory (Higbie, 1935)) or the surface renewal parameter (Danckwerts’s
surface renewal theory (Danckwerts, 1951)). Typical laboratory reactors












































with well-defined and adjustable hydrodynamic characteristics that
are used for the determination of diffusivity include the stirred cell, la-
minar jet reactor and the wetted wall column. The aim of the present
study is to:
 Provide information on the diffusivity of CO2 in non-aqueous solvents
for ambient conditions.
 Critically analyze the data obtained by the use of model contactors and
their usefulness for the determination of the diffusion coefficient.
The present study includes two of these model gas-liquid contactors,
namely, the laminar jet and the wetted wall column.
LAMINARJETREACTOR
Laminar liquid jets have been often used in the determination of diffusion
coefficients in gas-liquid systems in the case of sparingly soluble gases.
Since these jets can be approximated as cylindrical rods of liquid moving
at a fixed velocity, they provide accurate hydrodynamics for gas ab-
sorption since the gas-liquid contact time can be easily determined. A
laminar jet reactor consists of a capillary tube through which the liquid
under investigation is ejected into an atmosphere of gas. The liquid is
collected in a receiver where it flows out of the reactor. Gas is absorbed
into the liquid during the contact time, which is monitored in order to
determine the gas absorption rate. Since the gas-liquid interfacial area is
well defined and known (assuming the jet to behave as a cylindrical rod of
liquid), the gas flux can also be determined. An attractive feature of the
laminar jet is the wide range of contact times that can be achieved (1073
to 7 1072 s). This provides a wide flexibility while studying gas-liquid
physical absorption, but also simultaneous absorption with chemical
reaction in the liquid phase.
The need for the liquid jet to be laminar in flow before leaving the
nozzle is to provide a uniform radial velocity profile after ejection from
the nozzle. In this manner, diffusion of the gas into the liquid jet is not
influenced by internal velocity gradients. On leaving the nozzle, the
parabolic velocity profile characteristic of laminar flow relaxes under the
influence of body forces, while the drag force of the surrounding medium
(the gas phase) on the liquid can be neglected. Traditionally, the transi-
tion from laminar to turbulent flow in a long tube has been characterized

















































where dT is the tube diameter and U is the average liquid velocity in
the tube.
The lower boundary for transition from laminar to turbulent flow in
pipes is around 2300 (Schlichting, 1968). However, the liquid flow is
modified while being ejected through the nozzle so that, in practice, the
critical Reynolds number has been found to depend on nozzle diameter
and geometry as well. As reported by van de Sande and Smith (1976), for
nozzle diameters of 2.5mm and 5mm and with conical tapered edges the






where Ln is the nozzle length and dn is the nozzle diameter.
A fundamental description of the hydrodynamics of laminar liquid
jets has been reported previously by, among others, Scriven and Pigford
(1959) and Duda and Vrentas (1967).
Gas Absorption in Laminar LiquidJets
The laminar jet reactor has been a commonly used laboratory tool
for measuring the absorption of sparingly soluble gases. The short
contact time characteristics of laminar jet reactors justify the use of
the penetration theory to describe gas-liquid mass transfer. If the
penetration depth of the gas into the jet is very small in comparison
with the jet radius, then the curvature of the laminar jet can be neglec-
ted and the absorption may be described as that into an infinite stag-





where t is the gas-liquid contact time, R is the jet radius and A is a
sparingly soluble gas under investigation.








where CA is the liquid phase concentration of component A.












































Equation (5a) is solved with the following initial condition
t ¼ 0; x  0) CA ¼ CA;0 ð5bÞ
and boundary conditions
t > 0; x ¼ 0) CA ¼ CA;i ð5cÞ
t > 0; x!1) CA ¼ CA;0 ð5dÞ
where CA,0 is the initial concentration of A in the liquid and CA,i is its
interfacial value, assumed to be at equilibrium with the gaseous phase.
Solving Equation (5a) under conditions (5bÿ5d) for the time aver-






ðCA;i ÿ CA;0Þ ð6aÞ
The gas-liquid contact time t is assumed to be equal to the liquid re-












where the subscript J refers to the liquid jet and fL is the liquid flow rate.
Combining equations (6a) and (6b) provides the absorption rate RA
of a gas in a liquid jet as





Equation (6c) is used to experimentally determine the diffusion coefficient
of A in a liquid.
Description of Setup
The setup used to study gas absorption in a laminar jet reactor is given in
Figure 1. Demineralized water (or other liquids under investigation) was
taken in a 40 liter polymer storage tank and degassed overnight by
bubbling through with nitrogen. Degassed liquid was then pumped via a
centrifugal pump with a pulsation free head into a thermostat bath where
it was heated to a predetermined temperature. The liquid was then led to












































the inlet of the laminar jet reactor via a liquid flow meter. Varying the
pump flow rate by means of an external frequency controller controlled
the liquid flow rate.
The laminar jet reactor consisted of a double-walled glass vessel
with the liquid inlet consisting of a 30 cm long glass tube that ended in a
tapered nozzle with a diameter of 1mm and a length of 8mm. The liquid
ejected from the nozzle was caught by a receiver having a diameter of
1.2mm from where it left the reactor. The inlet liquid tube was attached
to a fixed support while the lower receiver was attached to a movable
table that could be adjusted with a precision of 0.05mm in a plane per-
pendicular to the inlet nozzle. The receiver was thus adjusted until the jet
entered the receiver. The jet length could be adjusted between 4 and 8 cm
by moving the liquid inlet tube vertically. Jet height and diameter were
measured by means of a cathetometer (least count¼ 50 mm). The double
wall of the reactor facilitated in heating the reactor contents and main-
taining the same temperature as the water inlet. Some characteristics of
the nozzle and receiver are shown in Figure 2.
Liquid exiting the reactor was discharged into a constant level device.
This was a glass bulb open to atmospheric pressure on one end and
containing a central overflow tube. The device could be moved vertically
along a scale so that the exit of the jet could be adjusted to prevent gas
entrainment into the receiver or spillage of the liquid out of the receiver.
Figure 1. Experimental setup used for studying gas absorption in a laminar jet reactor.












































Liquid leaving the overflow tube was collected for disposal. Temperature
of the liquid was measured at the reactor inlet and outlet.
CO2 from a gas cylinder was bubbled through demineralized water
(or the liquid under investigation) to pre-saturate the gas before passing it
through a thermal mass flow meter, after which it was led through the
reactor. Temperature of the liquid in the presaturator was maintained
identical to the temperature of the liquid at the reactor inlet. Further, the
gas tubing was lined with an electric heating element to maintain a
constant gas temperature throughout the apparatus. The gas temperature
was measured at the reactor inlet. The outlet gas flow rate was controlled
at the reactor inlet while it was measured at the reactor outlet only.
Experimental Procedure. The liquid to be investigated was degassed
overnight by bubbling nitrogen through the storage vessel. Before starting
an absorption experiment, the setup was purged by passing CO2 for
15 min so as to eliminate all inerts from the gas phase. The liquid was
allowed to flow into the reactor and its flow rate was controlled
by varying the pump speed. Liquid temperature was fixed using the
Figure 2. Details of nozzle and receiver in the laminar jet reactor.












































thermostat bath. Once steady state with respect to the liquid was
achieved, the constant level device was adjusted to obtain a steady jet with
no gas entrainment at the exit. Jet dimensions were then measured using
the cathetometer.
The temperature of the gas tubing was also set so that the tem-
perature of the gas and liquid entering the reactor was identical. Gas flow
rate was fixed at a predetermined set-point and the entire setup was al-
lowed to reach steady state. The liquid flow rate was noted, along with
reactor temperature and pressure. For the gas, the reactor outlet tem-
perature and flow rate was measured. The liquid flow was then stopped
and the gas flow at the exit of the reactor was measured until it rose to a
steady state. Difference in gas flow rate with and without the flow of li-
quid was used to determine the gas absorbed into the liquid.
Data Analysis. Before using the laminar jet apparatus to determine dif-
fusivity of gases in liquids, it was necessary to determine if the constraint
provided by Equation (4) was met. It was found that for all gas-liquid
systems presented in this study, this was true. Further, the value of ReC
was found to be below 3000, which is well below the value predicted by
Equation (3b) for the geometry of the nozzle used in this study. Equation
(6c) was used in the determination of the diffusion coefficient of CO2 in
liquids. In order to determine the interfacial concentration, the gas phase
mass transfer resistance was assumed to be negligible. This assumption
seems justified since the apparatus was sufficiently purged with CO2 to
ensure the removal of all inerts. Additionally, even though the CO2 was
presaturated with the liquid, the corresponding partial pressure of the
liquid component was low under the operating conditions.
The interfacial concentration of CO2 in water was determined using
the correlation provided by Versteeg and van Swaaij (1988a) that is valid
in the range of 0ÿ1 bar.





with CCO2;i ¼ HeCO2;H2O:pG;CO2 ;i
ð7Þ
where He is defined in molmÿ3 Paÿ1. The exact partial pressure of CO2 in
the gas phase of the reactor was taken from the total reactor pressure
corrected for the vapor pressure of water at that temperature. Knowing
the partial pressure of CO2, it was possible to determine CA,i required in
Equation (6c). All other physical parameters were taken from Daubert
and Danner (1985). In the case of diffusivity of CO2 in water, the dif-
fusivity determined here was compared with the experimentally de-
termined correlation provided by Versteeg and van Swaaij (1988a)
measured at 1 bar



















































CO2 -Water. The variation in diffusivity of CO2 in water with tempera-
ture of the liquid is shown in Figure 3. The diffusion coefficient
determined using the procedure described before is comparable to that
given in Equation (8). This latter correlation was obtained by fitting
diffusivity data on the CO2-water system that was previously published
in open literature. It is clear that the data reported in the present
study is well within the experimental accuracy associated with the
measurement.
Since the jet used in the present study has been found to be laminar at
the nozzle exit, the liquid velocity profile is flat for most of the jet length.
Consequently, it could be assumed that the diffusion coefficient measured
here is equal to the molecular diffusion coefficient while neglecting the
contribution of eddy diffusion. This is confirmed by the small deviation
between the diffusion coefficient determined here and the empirical cor-
relation reported by Versteeg and van Swaaij (1988a). Another method
of confirming this is to study the influence of the jet Reynolds number
Figure 3. Diffusion coefficient of CO2 in water as a function of temperature (laminar jet re-
actor). Full line represents correlation presented by Versteeg and van Swaaij (1988a).












































(ReJ) on the diffusivity. The contribution of the eddy diffusion coefficient
(if any) on the overall diffusivity is expected to increase at higher values
of ReJ. Assuming a uniform liquid velocity along the length of the jet, the





Liquid density and viscosity have been determined at the inlet liquid
temperature.
The diffusivity of CO2 in water at varying values of ReJ is plotted in
Figures 4a and 4b. At lower values of ReJ (typically< 2500; Figure 4a), a
steady, slight increase in diffusivity with ReJ is observed. This trend is not
reproduced for ReJ> 2500 (Figure 4b) where the diffusivity is, within
experimental accuracy, constant over the range of Reynolds numbers
studied. Thus, the results presented here seem to suggest that, for the
process conditions under investigation, there is a transition in the ab-
sorption behavior of CO2 in water at a jet Reynolds number of around
2500. This effect cannot be explained because:
 All experiments are carried out well within the critical Reynolds
number as defined by Equation (3b). The value of ReC determines the
region where the liquid ejected through the nozzle is turbulent.
Figure 4a. Influence of the jet Reynolds number on diffusivity (laminar jet reactor). CO2-
water system; low Reynolds numbers.












































 At lower values of ReJ, the system could be assumed to be completely
laminar. In this regime a flat profile of DCO2 would be expected since
there cannot be an effect of the contactor hydrodynamics on the mo-
lecular diffusion coefficient. Thus, it is not possible to explain the
monotonic increase in the value of DCO2 as observed in Figure 4a.
 The increase in turbulence at higher values of ReJ would result in a
monotonic increase in diffusivity due to the enhancement provided by
eddies to molecular diffusivity. However, it would not explain the
flattening of the profile at higher values of ReJ as observed in Figure 4b.
CO2-Ethanol. As for the previous system, the influence of ReJ on the
diffusivity of CO2 in an organic solvent was studied. Solvent grade
ethanol (96%) was chosen for this purpose. The solubility of CO2 in
ethanol has been reported by Fogg and Gerrard (1991). The molar so-
lubility of CO2 ethanol at a partial pressure of 1 atm. is given by:




þ 1:8532 ln Tð Þ ð10Þ
where xCO2 is the mole fraction of CO2 in ethanol at a temperature T.
Using the same experimental procedure as described above, the diffusion
coefficient of CO2 was determined using Equation (6c) at a fixed tem-
perature of 298 K. Experiments were carried out at different gas-liquid
contact times (t) by varying the liquid flow rate and the jet length (LJ) in
Figure 4b. Influence of the jet Reynolds number on diffusivity (laminar jet reactor). CO2-
water system; high Reynolds numbers.












































the range of 900ReJ 1100. From a total of 40 experiments, an
average value of 2.91 10ÿ9m2 sÿ1 ðs2 ¼ 0:25Þ was obtained for the dif-
fusion coefficient. This value was higher when compared to the diffusion
coefficient predicted by the Wilke-Chang correlation using an association
factor of 1.5 for the CO2-ethanol system (Reid et al., 1988). A value of
1.94 10ÿ9m2 sÿ1 was calculated with this correlation. Table I gives an
overview of other values reported in literature for the diffusivity of CO2
in ethanol at 298 K.
In order to check the reason for the higher value of diffusion coeffi-
cient obtained experimentally, the diffusivity was plotted as a function of
the jet Reynolds number (Figure 5). As seen from the figure, there is a
sharp reduction in diffusivity with an increase in ReJ. This trend is con-
trary to that observed in the case of water (see Figure 4a). Once again, an
average value for experiments carried out with ReJ< 950 yields an average
diffusion coefficient of 3.25 10ÿ9m2 sÿ1 while ReJ> 1050 results in an
average value of 2.71 10ÿ9m2 sÿ1. On comparing with reported values of
DCO2 in ethanol (see Table I), it would seem that a ‘‘true’’ diffusivity can be
measured in the lower range of ReJ for a laminar jet reactor.
From the results obtained above with the laminar jet reactor it can be
concluded that the use of this model contactor does not result in a uni-
quely measured diffusion coefficient. The results are strongly dependent
on the experimental conditions. This effect was not expected and cannot
be explained from fundamental flow phenomena. In order to investigate
these observations further, the absorption of CO2 into demineralized
water and organic solvents was carried out in a laboratory-scale wetted
Table I Comparison of reported diffusion coefficients of CO2 in ethanol at 298 K
Method DCO2 (10
9m2 sÿ1) Reference
Laminar jet 3.66 Tang and Himmelblau (1965)
Diaphragm cell 4.04 Takeuchi et al. (1975)
Wetted wall column 4.50 Simons and Ponter (1975)
Wetted wall column 3.31 Alvarez-Fuster et al. (1981)
Diaphragm cell 3.86 Takahashi et al. (1982)
Wetted wall column 2.69z Versteeg and van
Swaaij (1988b)
Taylor dispersion 4.11 Snijders et al. (1995)
Wetted wall column 2.49 present study
Laminar jet 2.91y present study
Wilke-Chang 1.94 present study
y ReJ< 950; DCO2¼ 3.25 10
ÿ9m2 sÿ1.
y ReJ> 1050; DCO2¼ 2.71 10
ÿ9m2 sÿ1.
z Diffusivity calculated with value of mCO2 experimentally determined in this study.












































wall column. Such reactors have also been used previously to characterize
mass transfer in industrial reactors such as a falling film reactor. The
experimental analysis and results for the various gas-liquid systems
investigated are presented below.
WETTEDWALLCOLUMN
Wetted wall columns possess the advantage that the interfacial area can
be easily determined from reactor geometry; hence, these contactors find
extensive usage as laboratory model contactors for the investigation of
mass transfer in gas-liquid systems. A comprehensive review of gas-liquid
systems investigated using this contactor has been provided by Spedding
and Jones (1988). Mass transfer characteristics of wetted wall columns
are expressed in the form of a Sherwood correlation of the type (Spedding
and Jones, 1988; Nielsen et al., 1998):
Sh ¼ c1Re
c2Scc3 ð11aÞ











dP represents the pipe diameter and G is the volumetric liquid load, de-
fined as the liquid flow rate per unit wetted perimeter of the column.
Figure 5. Influence of the jet Reynolds number on diffusivity. CO2-ethanol system: laminar
jet reactor. Average DCO2¼ 2.91 10
ÿ9m2 sÿ1.












































Such correlations have been reported previously (Nielsen et al., 1998)
for high Reynolds numbers. However, an important drawback is that
they can be used only for a falling film with a length equal to that for
which they were experimentally determined. Thus, in order to use cor-
relations such as that given in Equation (11a), it is necessary to com-
pensate for the effect of film length on the mass transfer.
Gas Absorption inWettedWall Columns
For the case of falling films with a nonrippling surface, it can be shown
that for laminar flow (parabolic velocity profile), the Sherwood correla-
tion is dependent on the diffusivity of the gas phase component into the
liquid film. This is denoted by Equation (12) (Spedding and Jones, 1988;













1=2  Lÿ1=2 ð12Þ
where L is the length of the falling film of the wetted wall column.
Such a correlation could be used to characterize mass transfer in
wetted wall columns with liquid flowing in the laminar regime. However,
it is extremely difficult to restrict the formation of ripples on the liquid
surface. Such waves contribute to an enhancement in mass transfer by a
possible influence on the molecular diffusivity by turbulence. However,
for a falling film, the transition to turbulent flow occurs at Reynolds
numbers of about 400ÿ800 while the large increase in mass transfer has
already been observed for Reynolds numbers as low as about 30
(Yoshimura et al., 1996).
Thus, the flow of liquid in a wetted wall column can be classified into
an operating zone where the flow is nonrippling and laminar followed by
a nonideal zone characterized by surface waves and turbulence. For the
experimental setup used in the present study, the length of the operating
zone is dependent on the liquid flow rate and can be correlated with a
linear relation of the type:
Lop ¼ c4 þ c5ReP ð13Þ
Since the flow in the operating zone is completely laminar, the diffu-
sion coefficient measured based on the absorption into this zone is the
molecular diffusion coefficient of the gas and is independent of the liquid
flow rate.
For short gas-liquid contact times (i.e., fulfilling Equation 4) it can be
easily shown that the average gas absorption flux NA is denoted by (see
also Equation 6 and (Higbie, 1935)):


















































where vi is the velocity of the liquid film at the interface.
The gas absorption rate can be determined by assuming the falling film
to be a perfect cylinder with an effective diameter of (dpþ 2d), where d is
the thickness of the falling film. By multiplying the flux given by
Equation (14) with the available surface area the following equation is
obtained.
R2A ¼ 4p dP þ 2dð Þ
2
C2A;iDAviL ð15aÞ
or, in terms of the volumetric absorption rate WA,
W2A ¼ 4p dP þ 2dð Þ
2
m2ADAviL ð15bÞ





The value of mA needs to be experimentally determined for the tem-
perature at which the gas-liquid system is being investigated. Equation
(15b) can be used to determine the molecular diffusion coefficient by
plotting the square of the volumetric gas absorption rate against the film
length. For flow of the liquid in the laminar regime with no slip at the
wall, the liquid flows with a parabolic velocity pattern with maximum
velocity at the interface. Under these conditions and assuming that the
















Within the nonideal zone of the falling film, the liquid surface is no longer
ripple-free and the diffusion coefficient measured is an effective diffusion
coefficient that consists of the contributions of the molecular diffusion
coefficient DA and an addition, DD, which could arise due to a number of
reasons, namely:












































 An increase in the gas-liquid interfacial area by the formation of rip-
ples
 An additional transport mechanism within the liquid phase due to
turbulence
 A change in the parabolic velocity profile of the liquid
It should be noted, however, that the transition to the nonideal zone
usually cannot be observed visually. Thus the effective diffusion coeffi-
cient is defined as
DA;eff ¼ DA þ DD ð17Þ
However, the relationship between W2 and the film length L can still be
used to determine the effective diffusion coefficient from the slope of
Equation (15b). The length of the operating zone can be determined from
the intercept of the y-axis.
Finally, at the exit of the liquid film lies a stagnant film layer where
no replacement of the liquid occurs with time. Once this layer is saturated
with the gas, it no longer contributes to absorption. The theoretical
pattern that can be expected for gas absorption along the length of a
falling film is given in Figure 6. The lengths of the various zones can be
determined by extrapolating the absorption profiles to the axis.
Figure 6. Typical absorption pattern in a wetted wall column. Plotted is the square of the
volumetric gas absorption rate against the length of the film. I, Stagnant zone; II, Operating
zone; III, Nonideal zone.













































The experimental setup for absorption in a wetted wall column is shown
in Figure 7, while details of the model contactor itself are given in
Figure 8. The wetted wall column consists of a hollow round metal tube
with a diameter of 17.6mm. The liquid flows down its outer surface as a
falling film. The liquid itself enters the reactor at the bottom of the tube
and flows along the tube interior to the top, where it is directed to the
outer tube perimeter by means of a liquid distributor, which consists of a
second tube placed above the first. The bottom part of this tube is drilled
so that the inlet tube can be placed within the liquid tube to leave an
annular opening between the two tubes, as shown in Figure 8. The tubes
are placed in a double-walled glass vessel with a gas inlet and outlet for
liquid. The temperature of the contactor is regulated by passing water
from a thermostat bath. In addition, it is also completely isolated from
the atmosphere except via the fluid inlet and outlet tubes.
The liquid under investigation was fed from a storage vessel to an
overhead tank by means of a peristaltic pump. The overhead tank was
maintained at a constant liquid level by means of an overflow tube.
Liquid from this tank was passed through a thermostat bath to bring it to
the desired temperature, and then fed to the reactor inlet. The liquid inlet
was fitted with a flowmeter so that the liquid flow could be accurately
measured. The overhead tank provided a constant liquid pressure and
helped to dampen any fluctuations in the liquid flow. The liquid passed
through the inside of the inlet tube after which it formed a film along the
Figure 7. Experimental setup for studying gas absorption in a wetted wall column.












































outer tube surface. After coming in contact with the gas, the liquid was
collected at the bottom of the contactor and then transferred to a storage
vessel for regeneration.
CO2 gas from a cylinder was presaturated by passing it through a
double-walled vessel maintained at the same temperature as the reactor.
The vessel was filled with the liquid under investigation. The pre-
saturated gas was then fed to the reactor. The gas outlet was fitted with a
soap film meter to measure the gas flow rate. The meter was also made of
double-walled glass and could be maintained at the same temperature as
the contactor with the help of water from the thermostat bath. From the
exit, the gas is led to a vent.
Figure 8. Schematic representation of the wetted wall column. Liquid flows as a falling film
along the outer wall of the inner tube.












































(Partly) saturated liquid was pumped to a storage vessel where it was
stripped of the absorbed gas by means of a vacuum pump. The re-
generated liquid was then reused for further experiments.
ExperimentalProcedure. Once steady state with respect to liquid flow and
the desired temperature was achieved, presaturated CO2 was fed into the
contactor. The gas is allowed to flow for some time to exclude all inerts
from the reactor, after which the gas inlet and outlet are closed. The soap
film meter is then used to measure the volumetric rate of gas absorption
into the liquid. Since the contactor is completely isolated from its sur-
roundings, the only way for the gas to escape is via absorption into the
liquid phase. Absorption rates for a given gas-liquid system were de-
termined for different lengths of the falling film and liquid flow rates. All
experiments were carried out at atmospheric pressure and 293K.
Results
The wetted wall column described in this study was used to measure the
absorption of CO2 in four different liquid systems, namely, demineralized
water, ethanol, n-heptane and MTBE. The physical parameters of these
liquids are given in Table II. A typical absorption pattern of CO2 along
the length of the falling film is shown in Figure 9 for the case of ethanol.
Here, the square of the absorption rate W2CO2 is plotted against L. As
indicated by Equation (15b), the diffusion coefficient can then be de-
termined from the slope of the line. As seen from the figure, there is no
noticeable stagnant zone along the length of the film. In addition, ab-
sorption rates at shorter film lengths can be used to determine the mo-
lecular diffusion coefficient, while those at longer film lengths give the
effective diffusion coefficient, as these points lie within the nonideal zone
of the falling film. The intercept of the latter, along the x-axis, indicates
the length of the operating zone.
Table II Physical parameters of liquids at 293K; taken from Daubert and Danner (1985)
Parameter Units H2O Ethanol MTBE n-Heptane
mCO2 ÿ 0.94 2.64 4.19 1.91
rL kgm
ÿ3 996.3 790.4 740.7 685.9
ZL Pa s 1.02 10
ÿ3 1.19 10ÿ3 3.56 10ÿ4 4.06 10ÿ4
sL Nm
ÿ1 7.38 10ÿ2 2.24 10ÿ2 1.97 10ÿ2 2.03 10ÿ2
Values experimentally determined at 293K.












































Absorption of CO2within the Operating Zone. Figure 10 gives the results
of the molecular diffusion coefficient for three different gas-liquid sys-
tems as a function of the Reynolds number. For these diffusion coef-
ficients, absorption only within the operating zone was used to exclude
turbulence and rippling effects. As is seen from the figure, the molecular
diffusion coefficient remains dependent on experimental conditions (i.e.,
the Reynolds number) even though the falling film is laminar and
without any ripples on the surface. The influence of increasing the
Reynolds number also differs from liquid to liquid. While for water and
ethanol there is a gradual reduction in diffusivity with an increase in
ReP, the trend was found to be opposite for n-heptane. The average
diffusion coefficient for n-heptane over the range of Reynolds numbers
studied was found to be 3.68 10ÿ9m2 sÿ1, which is lower than the value
of 6.89 10ÿ9m2 sÿ1 reported by Takeuchi et al. (1975) using a dia-
phragm cell. A comparison of diffusivities of CO2 in ethanol obtained
in the present study with values reported previously in literature is given
in Table I.
The diffusion coefficients for MTBE are not reported here since the
order of magnitude of the experimental diffusivities found were higher
than that usually expected for diffusion coefficients of gases in liquids. In
addition, the diffusivities were found to be strongly dependent on the
value of ReP, indicating that the liquid film starts rippling immediately
on entering the reactor so that the formation of the operating zone does
Figure 9. Typical absorption pattern along the length of the falling film (Wetted Wall Col-
umn; CO2-ethanol system). DCO2 as determined from operating zone¼ 2.49 10
ÿ9m2 sÿ1.
Intercept along x-axis used to determine length of the operating zone.












































not occur. Consequently, the diffusivities observed for MTBE are best
interpreted as effective diffusion coefficients.
The presence of the operating zone was, however, visually observed
for all three liquids reported in Figure 10. The method of determining the
length of the operating zone from absorption data is given above. The
length of the operating zone was found to be dependent on the liquid flow
rate and was correlated by Equation (13). Figures 11a and 11b depict the
variation in the length of the operating zone with the Reynolds number
for ethanol and n-heptane, respectively.
As mentioned above, Equations (16a) and (16b) have been derived
for flat plate geometry. In order to check the influence of the radius of
curvature of the inlet pipe on the velocity profile, absorption of CO2 in
water was carried out in a wetted wall column with a larger inlet pipe
(30mm). Molecular diffusivities obtained with the larger pipe were the
same as those reported in Figure 10, indicating that the influence of ra-
dius of curvature on the overall absorption was negligible and the use of
Equations (16a) and (16b) was valid for the investigations presented in
this study. However, the use of a large inlet pipe resulted in a smaller
length of the operating zone so that the ripples on the film surface oc-
curred very close to the liquid inlet.
Figure 10. Influence of Reynolds number on diffusivity of CO2. (Wetted Wall Column).
All measurements conducted within the operating zone. Fitted results are: Water:
DCO2 ¼ 1:533 10
ÿ9 ÿ 2:433 10ÿ12 RePð Þ; Ethanol: DCO2 ¼ 2:970 10
ÿ9 ÿ 3:620 10ÿ13 RePð Þ;
n-Heptane: DCO2 ¼ 3:110 10
ÿ9 þ 1:638 10ÿ11 RePð Þ.












































Absorption of CO2within the Nonideal Zone. A kind of effective diffusion
coefficient can be determined using the absorption measurements carried
out within the nonideal zone. As indicated above, the effective diffusion
coefficient of CO2 can be correlated by Equation (17), with the en-
hancement in molecular diffusion being linearly dependent on the Rey-
nolds number. The effective diffusion coefficient for the CO2-ethanol,
CO2-n-heptane and CO2-MTBE systems is presented in Figures 12a, 12b
and 12c, respectively. As can be observed in the figures, there is a steady
rise in the effective diffusivity, which can be explained by the increase in
absorption rate due to either the increase in interfacial area by the for-
mation of ripples on the interface, or the enhancement in molecular
diffusivity by turbulence. As seen from Figures 12a and 12b, the y-in-
tercept value of the effective diffusivity (Re! 0) correlates (fairly) well
with the value of the molecular diffusion coefficient for ethanol and n-
heptane (Figure 10). Assuming the same trend to be valid for MTBE, it
follows from Figure 12c that the molecular diffusion coefficient of CO2 in
MTBE is of the order of 2.41 10ÿ9m2 sÿ1.
DISCUSSION
The influence of liquid Reynolds number on molecular and effective
diffusivity has been presented here for gas absorption in model gas-liquid
contactors with well-defined hydrodynamics. The influence of Reynolds
Figure 11a. Length of the operating zone as a function of the Reynolds number (Wetted
Wall Column; CO2-ethanol system).












































number on the effective diffusivity can be explained by the increasing
contribution of eddy diffusivity on the overall mass transfer with an in-
crease in ReP. This explains the rise in effective diffusivity as seen in
Figures 12a and 12b. This increase is also a result of an increased surface
area due to the formation of ripples on the gas-liquid interface.
However, the change in the molecular diffusion coefficient with
Reynolds number cannot be explained by the usual mass transfer the-
ories, namely, the film theory and the surface renewal theories. These
theories assume that for a liquid in the laminar regime, the transport of a
gas is mainly controlled by molecular diffusivity. The contribution of
turbulence (if any) is not accounted for at these low Reynolds numbers.
Such a restriction is avoided by the model presented by King (1966), who
proposed mass transfer in the vicinity of a gas-liquid interface to occur by
a combination of both molecular diffusivity and turbulent transport in
the form of small eddies. The effective diffusivity (within the laminar
regime) can then be described as
DLA;eff ¼ DA þ py
n ð18Þ
where pyn represents the contribution of eddy diffusivity.
This contribution varies with distance y perpendicular to the gas-li-
quid interface. If one assumes a zone near the interface where all re-
sistance to mass transfer is present, then eddies causing surface renewal
Figure 11b. Length of the operating zone as a function of the Reynolds number (Wetted
Wall Column; CO2-n-heptane system).












































Figure 12a. Variation of the effective diffusion coefficient with Reynolds number. All mea-
surements conducted within the nonideal zone. (wetted wall column; CO2-ethanol system).
Figure 12b. Variation of the effective diffusion coefficient with Reynolds number. All
measurements conducted within the nonideal zone. (wetted wall column; CO2-n-heptane
system).












































would be large in size as compared to the thickness of the zone, while
eddies responsible for eddy diffusivity would be smaller in size than this
thickness. The overall effect of all eddies of the same size as that of the
resistance zone would be a combination of surface renewal and eddy
diffusivity.
It would seem likely that the influence of eddy diffusivity on the
overall absorption would reduce closer to the gas-liquid interface. This
dampening of the eddies could occur due to the surface tension of the
liquid, which might severely reduce the effect of smaller eddies that
contribute to eddy diffusivity. In general, the lower surface tension of
the organic liquids investigated here could explain the stronger variation
in diffusivity with Reynolds number for these liquids (Figures 5 and 10).
The higher surface tension of water dampens the eddies near the
interface so that the overall transport is mainly governed by molecular
diffusion only.
For the case of absorption of CO2 in n-heptane (Figure 10), the in-
crease in diffusivity with ReP can be explained on the basis of enhance-
ment to mass transfer caused by eddy diffusivity. Unfortunately, one
cannot explain the reduction in diffusion coefficient seen for the case of
ethanol in both laminar jet and the wetted wall column with an increase
in liquid Reynolds number.
Other typical interfacial phenomena that are known to influence gas
absorption are those caused by surface tension gradients (Marangoni
effect) and density gradients (Rayleigh effect) that can occur due to the
Figure 12c. Variation of the effective diffusion coefficient with Reynolds number. Operating
zone is not observed. (wetted wall column; CO2-MTBE system).












































absorption of a gas. However, the contribution of these effects (though
large in some cases) is difficult to quantify.
In conclusion, it is clear that absorption of gases in aqueous and non-
aqueous solvents in model laminar jets and falling films cannot be
completely explained by conventional mass transfer theories. Some of the
observed phenomena could be attributed to the occurrence of eddy dif-
fusivity along with molecular transport and/or the presence of Rayleigh
and Marangoni effects. These explanations cannot, however, be validated
quantitatively. The experiments presented here do indicate that greater
caution should be exercised when using these model contactors for
physical absorption and kinetic experiments. Especially for experiments
concerned with mass transfer with simultaneous chemical reaction, phe-
nomena such as interfacial turbulence could enhance the overall mass
transfer even when the reactor is operated well within the laminar regime.
Subsequently, absorption data could be misinterpreted as being enhanced
by chemical reaction.
CONCLUSIONS
The application of the laminar jet and wetted wall column for the
determination of diffusivity of gases in nonaqueous liquids has been in-
vestigated. The absorption of CO2 in ethanol, n-heptane and MTBE has
been used for this purpose. Absorption experiments have been carried out
within the laminar and transition regime for both types of reactors. The
resulting diffusion coefficient has been found to vary with the
Reynolds number within the laminar region. In the case of ethanol, the
value of diffusivity reduces with an increase in Reynolds number, while
this trend is reversed for n-heptane. Molecular diffusivity in MTBE could
not be determined as the rippling of the jet commenced at the top of the
column. Absorption under turbulent conditions can be described by an
effective diffusivity that has been found to increase with Reynolds
number for all liquids investigated.
It is not possible to explain the nonideal behavior of the diffusion
coefficient with respect to the Reynolds number with the data available at
present. One explanation possible is that the overall mass transfer (in the
laminar regime) is governed by a combination of molecular diffusivity
and eddy diffusivity as proposed by the model of King (1966). The lower
surface tension of the nonaqueous solvents reduces the dampening of
eddies and allows them to be present in the vicinity of the gas-liquid
interface.
In general, it is clear that data on the absorption of gases into organic
and nonaqueous liquids obtained from model contactors should be
regarded with caution with respect to the phenomena occurring at the
gas-liquid interface.













































a specific gas-liquid interfacial area, m2mÿ3
CA concentration of component A, molm
ÿ3
d diameter, m
He Henry coefficient, molmÿ3 Paÿ1
kL liquid side mass transfer coefficient, m s
ÿ1
L length, m
mA gas partition coefficient, defined by (15c)
n exponent of eddy diffusivity, defined by (18)
NA gas absorption flux, molm
ÿ2 sÿ1
p pressure, Pa
R jet radius, m
RA gas absorption rate, mol s
ÿ1
ReC critical Reynolds number, defined by (3a) and (3b)
ReJ jet Reynolds number, defined by (9)
ReP wetted wall Reynolds number, defined by (11b)
T temperature, K
t time variable s
U average liquid velocity, m sÿ1
v liquid velocity, m sÿ1
VL liquid volume, m
3
WA volumetric gas absorption rate, m
3 sÿ1
x place variable, m
y perpendicular distance from interface, m
Greek letters
d thickness of falling film, m
DD increase in molecular diffusion, defined by (17), m2 sÿ1
f flow rate, m3 sÿ1
G volumetric flow rate per unit wetted perimeter, m2 sÿ1
ZL, liquid viscosity, Pa s
r density, kgmÿ3
s standard deviation
sL liquid surface tension, Nm
ÿ1
t gas-liquid contact time, s
x function, defined by (1), s(C-1) m(1ÿ2C)





A gas component, A
eff effective
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